Posterior body elongation is a widespread mechanism propelling the generation of the metazoan body plan. The posterior growth model predicts that a posterior growth zone generates sufficient tissue volume to elongate the posterior body. However, there are energy supply-related differences between vertebrates in the degree to which growth occurs concomitantly with embryogenesis. By applying a multi-scalar morphometric analysis in zebrafish embryos, we show that posterior body elongation is generated by an influx of cells from lateral regions, by convergence-extension of cells as they exit the tailbud, and finally by a late volumetric growth in the spinal cord and notochord. Importantly, the unsegmented region does not generate additional tissue volume. Fibroblast growth factor inhibition blocks tissue convergence rather than volumetric growth, showing that a conserved molecular mechanism can control convergent morphogenesis through different cell behaviours. Finally, via a comparative morphometric analysis in lamprey, dogfish, zebrafish and mouse, we propose that elongation via posterior volumetric growth is linked to increased energy supply and is associated with an overall increase in volumetric growth and elongation.
INTRODUCTION
Axial elongation is a widespread mechanism propelling the generation of the metazoan body plan. Despite the importance of this essential event in the formation of the body axis, we know little about the individual cell behaviours driving elongation. This is not surprising given the number of cell behaviours that can lead to the elongation of such a complex, multi-tissue structure. Elongation mechanisms can be separated into two categories. Firstly, those that result in a volumetric increase of the tissue, such as cell growth, deposition of extracellular matrix or a decrease in local density caused by an increase in cell motility, as has been shown in chick (Bénazéraf et al., 2010) . Cell proliferation alone (in the absence of cell growth) will not generate volumetric growth. Secondly, those cell behaviours that lead to tissue convergence (i.e. a directional deformation of a tissue in the absence of volumetric growth), such as cell rearrangement, orientated cell division or cell shape change. Vertebrate embryos develop in vastly different nutritive environments that have a large impact on the relative degree of growth occurring during development (O'Farrell, 2015) . This is likely to have an impact on the degree to which volumetric growth contributes to elongation. This is especially the case for externally developing embryos with limited energy supply, such as the zebrafish, that must develop a full axis in order to swim and find food prior to overt growth.
A widely accepted model for vertebrate posterior body elongation is that of posterior growth, in which new cells are continually added from the posterior tip of the elongating posterior body. A posterior proliferative zone is thought to drive this process by providing new cells to populate the posterior tissues, the mesoderm and spinal cord in particular (Beddington, 1994; Bouldin et al., 2014; Cambray and Wilson, 2002; Mathis and Nicolas, 2000; McGrew et al., 2008; Nicolas et al., 1996; Selleck and Stern, 1991; Kimelman, 2010, 2012; Neijts et al., 2014) . However, in the absence of growth behaviours, it is not clear whether this posterior proliferative zone can generate sufficient volume increase at the whole structure level to contribute to the elongation of the posterior body. The zebrafish emi1 ( fbxo5 -Zebrafish Information Network) mutant, in which cell divisions are blocked from the beginning of gastrulation (Riley et al., 2010; Zhang et al., 2008) , is shortened by ∼30% but exhibits a non-truncated axis with its full complement of somites. In the scenario in which a posterior proliferative zone would be the major actor, one would expect a truncation of the axis. Several non-growth cell behaviours have been proposed to drive elongation via tissue convergence, particularly in anamniote embryos such as zebrafish. Gastrulation-like cell rearrangements such as convergence-extension, together with novel cellular movements have been observed during zebrafish posterior body elongation (Kanki and Ho, 1997) . Blocking fibroblast growth factor (FGF) signalling leads to an inhibition of cellular flow from the tailbud and the disruption of axis elongation (Lawton et al., 2013) .
To generate elongation of the posterior body, the posterior growth model predicts that additional tissue volume is generated from the unsegmented region. To address this in zebrafish and to compare with other vertebrates, we aim to determine the relative contribution of volumetric growth (i.e. increase in tissue volume) versus tissue deformation (i.e. elongation in the absence of volume increase) to posterior body elongation. We show that posterior body elongation in zebrafish is generated by an influx of cells from lateral regions, by convergence-extension of cells as they exit the tailbud, and finally by a late volumetric growth in the spinal cord and notochord. The unsegmented region does not generate additional tissue volume. FGF signalling controls convergence within the tailbud and presomitic mesoderm (PSM). Our comparative study shows that posterior volumetric growth is associated with an internal mode of development.
RESULTS
The prospective posterior body is not restricted to the tailbud Posterior body elongation starts with closure of the primitive streak or blastopore and ends with the completion of somitogenesis. In zebrafish, the anterior body, which corresponds to the anterior trunk, is already established by late gastrula as the anterior trunk somites (1-12) are already present within the pre-somitic mesoderm (Kanki and Ho, 1997) . Subsequently, the remaining 20 segments of the body form in an anterior-to-posterior fashion through the process of posterior body elongation, the posterior trunk spanning somites 13-17 and the tail somites 18-32. Previous studies have focused on cells within the tailbud (Kanki and Ho, 1997; Lawton et al., 2013) . However, the limits of the posterior body territory are unknown from the end of gastrulation up to the 12-somite stage, when the tailbud has lifted from the yolk and formed a definable prominence. We mapped the limits of the prospective posterior body between the end of gastrulation and the 12-somite stage by generating 12 independent movies in which clusters of 10-20 cells were photolabelled at 90% epiboly and tracked until their incorporation into the embryo axis using Imaris. Photolabelling was achieved with the use of a nuclear-localised KikGR protein (Movie 1), that switches from green to red fluorescence upon UV exposure (Hatta et al., 2006) . We find that cells lateral to the tailbud converge and enter the tailbud (Fig. 1A-C, blue) . Cells lateral to the elongating axis enter directly into both the spinal cord (Fig. 1A -C, yellow) and the PSM (Fig. 1A -C, red) without having passed through the tailbud (Movie 1).
To determine the extent to which non-tailbud cells contribute to the embryonic axis, we tracked photolabelled cells in movies taken from the lateral view (Movie 2; Fig. 1D-F) . Surprisingly, we find that cells contribute to the somitic mesoderm up until the 17th somite, without having first passed through the tailbud region (Movie 2, red tracks; Fig. 1D-F) . Cells labelled just caudal to the prospective 17th somite enter into the tailbud prior to the PSM (Movie 2, dark blue tracks; Fig. 1D-F) . As somite 17 marks the trunk-tail transition, these results suggest that lateral cells populate the posterior trunk by undergoing convergence and extension without transiting through the tailbud, and that tailbud cells generate the tail only.
To determine whether elongation at these early stages involves cell proliferation, we calculated the proliferation rate within each photolabelled cell clone between the 90% epiboly and 12-somite stages (Fig. 1G) . The proliferation rate being ∼0.1 cell/h on average, only an average of zero to two additional cells are generated within clones fated towards epidermis, tailbud, spinal cord and the somitic mesoderm, demonstrating that cell proliferation is not a major driving force in early elongation. As a proxy for cell intercalation, we calculated an index of clone dispersion, measured as the mean increase in inter-nuclear distance of neighbouring cells between the 90% epiboly and 12-somite stages (Fig. 1H) . The index of dispersion is high for all axial clones, particularly for cell clones fated towards the spinal cord (mean increase in internuclear distance: 50 μm), tailbud (18 μm) and PSM (11 μm), with little cell dispersion occurring for the epidermis (5.5 μm). This demonstrates that a considerable degree of cell intercalation is occurring within lateral cells to reach the axial tissues.
Together, these results demonstrate that the prospective posterior body region at late gastrula stage is much larger than previously thought and not restricted to the tailbud, which prompted us to examine the contributions of volumetric growth and tissue deformation at the level of the whole posterior body.
Elongation occurs through extensive convergence with a late phase of volumetric growth
To determine the relative contributions of volumetric growth and tissue deformation to elongation throughout the entire process, we built 3D surface reconstructions of the posterior body and its presumptive territory from the three-to the 32-somite stages using our early fate map and fixed samples at later stages ( Fig. 2A ; Movie 3). From these, we extracted quantitative information on volume, length, width and height changes. We did not observe an increase in volume until the 24-somite stage (Fig. 2B, grey) . However, there is continual elongation despite the absence of volumetric growth (Fig. 2C, grey) . Up until the 24-somite stage (Fig. 2D ,E, purple to yellow lines), there is a fourfold decrease in width (Fig. 2D ) along with an increase in height (Fig. 2E) , suggesting that convergence in width is contributing to an increase in both length and height. These results demonstrate that although volumetric growth may contribute to elongation between the 24-and 32-somite stages (growth phase), much of the earlier stages (non-growth phase) of elongation are driven by convergence and extension.
No additional tissue volume is generated from the unsegmented region in zebrafish
We next wanted to determine in which portion of the posterior body volumetric growth is generated: either in the unsegmented region, which includes the tailbud, or within the segmented region. We took embryos previously injected with mRNA encoding cytoplasmic KikGR, photolabelled one or the other region and performed 5 hlong time-lapse imaging (Fig. 3A ,D,G; Movie 4). As cells are exiting the tailbud and entering the PSM, we saw considerable mixing of labelled cells with unlabelled cells of the rostral PSM. For our length measurements, we thus took the most anterior and the most posterior photolabelled (i.e. red) cells. For volume measurements, we segmented the photoconverted (i.e. red) signal only. Although the unsegmented region contributes to elongation (2.67-fold increase; Fig. 3B ), this region does not increase in volume during both non-growth and growth phases (0.2% decrease in volume; Fig. 3C ). We then photolabelled the unsegmented region at the 21-somite stage and measured its volume through to the completion of elongation (Fig. 3D ). This further confirmed the absence of unsegmented region volumetric growth during the growth phase (Fig. 3F ). However, this region continues to contribute to elongation at these late stages, although to a lesser extent (1.61-fold increase; Fig. 3E ). Unlike the unsegmented region, the segmented region ( Fig. 3G ) does undergo both elongation (2.19-fold increase; Fig. 3H ) and volumetric growth (1.25-fold increase; Fig. 3I ). Therefore, volumetric growth only occurs in the already segmented region where differentiation is known to take place.
Proliferation rapidly declines in the unsegmented region but continues into the growth phase in the segmented region
We next sought to determine the amount of cell division that occurs within different regions of the posterior body during elongation. To achieve this, we made use of the zFUCCI green transgenic line, which displays green fluorescent nuclei when in S/M/G2 phases of the cell cycle (Sugiyama et al., 2009 ). We injected these embryos at the one-cell stage with nuclear-localised mCherry mRNA in order to mark all cell nuclei (Fig. 4A ). After segmentation of the region of interest, we calculated the percentage of dividing cells as the number of green nuclei over the number of red nuclei in that region. We first analysed the proliferation levels within the entire body ( 15-and 22-somite stages. Although at early stages a comparable percentage of cell divisions occurred within the tailbud as with the rest of the posterior body, this dropped off rapidly from the 14-somite stage onwards, similar to what has been reported by Bouldin et al. (2014) .
We next evaluated the percentage of dividing cells within the tailbud (Fig. 4C, Proliferation levels are also low within the notochord, as reported in Sugiyama et al. (2009) . By contrast, the proliferation levels within the spinal cord, somites and blood precursors are notably higher. Apart from the early stages of elongation when they are similar, these results show that proliferation levels are higher in the segmented region than in the unsegmented region.
Differential tissue contributions to both volumetric growth and convergence and extension
To assess tissue-specific differences in volumetric growth and convergence, we photolabelled small regions within the tailbud, PSM, somites and spinal cord (Fig. 5A-C) and quantified their percentage of volume increase and their length:width ratio over time (Fig. 5D,E) . Compared with the whole posterior body measurements (Fig. 5D ,E, black lines), the spinal cord contributes the most to volumetric growth (Fig. 5B,D, blue) . This tissue also has a large positive increase in the length:width ratio (Fig. 5B ,E, blue; Movie 5, blue), suggesting that either volumetric growth is anisotropic (through oriented cell division or oriented growth of the cells) or that additional cell rearrangements such as convergence-extension are leading to a thinning of this structure. The cells in transit from the tailbud to the PSM contribute the most to thinning and lengthening but in the absence of volumetric growth ( Fig. 5C -E, green; Movie 6, green). Once cells have entered the PSM, little thinning and lengthening occurs (Fig. 5B ,E, yellow/ orange; Movie 5, yellow). This tissue also undergoes a slight compaction during somite formation (Fig. 5B,D , yellow/orange).
Inflation of the notochord by the formation of fluid-filled organelles has an important role in the elongation of the zebrafish axis (Ellis et al., 2013) . In line with this, we observe a considerable increase in the volume of bounding-boxes surrounding notochord photolabels ( Fig. 5D, purple; includes the organelle volume) without a corresponding increase in the volume of the KikGRlabelled cytoplasm (Fig. 5D, red; excludes the organelle volume). In addition to inflation and proliferation, the notochord also undergoes convergence and extension (Glickman et al., 2003) , which is mirrored by an increase in length:width ratio (Fig. 5E, purple) . However, as cells begin to inflate, they do so in all directions, leading to a later decrease in length:width ratio (Fig. 5E, purple) .
The impact of these distinct tissues on the elongation of the posterior body as a whole will depend on their initial size with respect to the whole posterior body. On embryos previously injected with nuclear mCherry and membrane eGFP mRNAs, we segmented the paraxial mesoderm, spinal cord and notochord at the 15-somite stage and measured their volume as a proportion of the posterior body volume (Fig. S1 ). The paraxial mesoderm and spinal cord make up the largest portion of the posterior body, at ∼23% and 12%, respectively, confirming their major contribution to elongation. The notochord, at 1.9% of the whole posterior body, contributes to a much lesser extent than the former two tissues. The remaining ∼63% of the posterior body is divided up between inter-tissue components, the non-neural ectoderm, the non-paraxial mesoderm and endodermal tissues which all may be contributing to differing extents to elongation.
FGF signalling is required for convergence and extension, but not posterior volumetric growth in zebrafish FGF signalling is known to be important for posterior body elongation across vertebrates (Bénazéraf et al., 2010; Bouldin et al., 2014; del Corral and Storey, 2004; Olivera-Martinez et al., 2012; Lawton et al., 2013) . We applied our morphometric approach to determine whether FGF signalling plays a role in volumetric growth and/or convergence during posterior body elongation in zebrafish. To circumvent effects on mesoderm induction and patterning as a consequence of inhibiting FGF signalling prior to the end of gastrulation, we added known inhibitors of FGF receptors (SU5402 and PD173074) at the ten-somite stage. Examination at the 32-somite stage revealed clear effects on posterior body morphology compared with DMSO-treated controls (Fig. 6A-D) . Neither treatment affected posterior body volume ( Fig. 6E ; P>0.7 in all cases, Student's two-tailed t-test). However, we did see a significant reduction in posterior body length ( Fig. 6F; P<0 .01, 
Student's two-tailed t-test).
This coincided with an increase in mean width ( Fig. 6G; P<0 .01, Student's two-tailed t-test), suggesting that an inhibition of convergence and extension is the likely cause of posterior body shortening upon inhibition of FGF signalling. To test this, we repeated our photolabelling of a small region of the tailbud at the 12-somite stage in embryos cultured in DMSO (Fig. 6H) or together with PD173074 (Fig. 6I) , and monitored their volume increase and length:width ratio as they transit into the PSM. No effect was observed on the volume of the tailbud photolabelled cells upon addition of PD173074 (Fig. 6J) ; however, we did observe an inhibition of the length:width ratio increase that is normally observed for these cells (Fig. 6K , compare red and green lines).
To assess whether FGF inhibition is affecting cellular movements and/or cell proliferation/apoptosis, we generated clones of photolabelled cells in the tailbud, PSM or spinal cord at the ten-somite stage (Fig. 7A,C) and quantified their length: width ratio (Fig. 7E ) and cell number (Fig. 7F) at the 26-somite stage (Fig. 7B,D) in the absence or presence of SU5402. Although only a slight decrease was observed for cells entering the somites (Fig. 7E, yellow) or within the spinal cord (Fig. 7E, blue) , a significant inhibition of the length:width ratio increase for cells that exit the tailbud and enter the PSM was observed upon FGF receptor inhibition (Fig. 7E, red) . No effect on cell number was observed for FGF inhibition in any region examined (Fig. 7F ). This last result was then confirmed by analysing cell divisions using the zFUCCI line (Fig. 7G-I ). SU5402 treatment did not lead to a significant change in the percentage of dividing cells in the entire posterior body at either the 18-or the 32-somite stage (Fig. 7I) . Nor did SU5402 treatment affect total cell number with the entire posterior body at either the 18-somite stage (mean cell number=1691±235 for DMSO; 1693±253 for 200 μM SU5402) or the 32-somite stage (mean cell number=2107±359 for DMSO; 2115±441 for 200 μM SU5402). To ensure that our SU5402 treatment adequately blocks FGF signalling, even deep within the tailbud, we made use of a high signal:noise ratio fluorescent in situbased approach (hybridisation chain reaction) that allows for the direct observation of mRNA transcripts by confocal microscopy (Choi et al., 2010 (Choi et al., , 2014 . Staining for sprouty4 expression as a read-out of FGF signalling activity reveals strong expression in the tailbud (Fig. 7K ). Upon addition of SU5402, expression of sprouty4 is greatly reduced, confirming the efficacy of this small molecule treatment (Fig. 7K ). Taken together, these results demonstrate that the role of FGF in zebrafish posterior body elongation is to control tissue convergence as cells exit the tailbud and enter the PSM.
Species-specific contribution of volumetric growth to posterior body elongation in vertebrates
The relatively small contribution of volumetric growth to the elongation of the posterior body in zebrafish is striking and prompted us to determine whether the lack of posterior volumetric growth was characteristic of the external development of anamniote embryos. Therefore we compared our morphometric measurements in zebrafish (Fig. 8C,E) with the amniote mouse embryo (Fig. 8D,E) and with a basal anamniote vertebrate, the lamprey (Fig. 8A,E) . As a further comparison, we analysed the anamniote dogfish (Fig. 8B,E) , which is evolutionarily basal to teleost fish but develops within an egg case and with a large yolk supply. As long-term photolabelling experiments are not possible in most of these species, we used morphometric measurements of morphological regions on fixed samples as a proxy for quantification of volumetric growth. Embryos for each species were fixed at successive stages between the primitive streak/blastopore closure and the end of somitogenesis, i.e. throughout elongation of the posterior body. We built 3D surface reconstructions and measured volume and length changes of the whole posterior body, the unsegmented region (Fig. 8A-D, red) and the two most anterior body segments (Fig. 8A-D, yellow) of the posterior body.
Both dogfish and mouse embryos showed an initial increase in unsegmented region volume at early stages (Fig. 8B,D) . By contrast, in zebrafish and lamprey, this region undergoes a continual reduction in volume throughout elongation (Fig. 8A,C) . The measurement of the volume of the two most anterior segments of the posterior body in each species revealed that anterior volumetric growth is occurring in all species, albeit at different intensities that correlate with the intensity of the overall volumetric growth and elongation (Fig. 8H , compare with Fig. 8G and 8F ). Taken together, these results demonstrate that although posterior volumetric growth plays a major role in the elongation of the posterior body of both mouse and dogfish embryos, posterior body elongation in both lamprey and zebrafish embryos occurs largely in the absence of posterior volumetric growth. Measuring both length and volume changes of the whole posterior body reveals that mice and dogfish, which develop internally, undergo a larger overall elongation and growth than lamprey and zebrafish, which develop externally. This suggests a positive triangular correlation between posterior volumetric growth, overall elongation and volumetric growth, and internal development.
DISCUSSION
Our multi-scalar morphometric and cell-tracking analyses show that posterior body elongation in zebrafish is driven by (1) an influx of cells initially lateral to the elongating posterior body, (2) tissue deformation such as convergence-extension, mostly at the tailbud-PSM transition and (3) volumetric growth in the segmented region, mostly in the spinal cord and notochord. Our comparative analysis suggests that elongation via posterior volumetric growth is linked to an internal mode of development with increased energy supply.
Zebrafish posterior body elongation is not driven by posterior volumetric growth
If posterior growth were a major driver of elongation in zebrafish, one would expect to observe volumetric growth of the unsegmented region. This is not what we observe in our photolabelling experiments. However, we observe that tailbud cells contribute to elongation mostly by rearrangement of pre-existing cells that undergo convergence and extension as they enter the PSM. We do not rule out the existence of slow-dividing self-renewing progenitors that provide cells to the elongating posterior body. What our study shows is that these cells and their derivatives do not generate sufficient additional tissue volume to drive elongation. Our fate mapping shows that a large proportion of the cells that will make up the posterior body come from regions lateral to the elongating posterior body that do or do not transit through the tailbud.
The observation that the segmented region is a major contributor to posterior body elongation explains the bi-phasic growth curve that is observed at the level of the structure as a whole. During the non-growth phase, the spinal cord and notochord volumetric growth, although occurring in anterior trunk structures (data not shown), have not yet begun to occur within the posterior body. However, convergence and extension of cells transiting from the tailbud to the PSM is well underway, resulting in a thinning and lengthening of the posterior body in the absence of volumetric growth. During the growth phase, in addition to continued thinning and lengthening, the dual processes of spinal cord volumetric growth and notochord inflation have reached the posterior body, resulting in an overall increase in posterior body volume and a relative displacement of somitic and spinal cord cells.
Extensive volumetric growth and elongation during embryogenesis are associated with access to a large energy supply
The limited overall and posterior volumetric growth in zebrafish and lamprey is in contrast to both the mouse and dogfish, in which we observe large amounts of volume increase in both unsegmented and segmented regions of the posterior body. The dogfish embryo develops inside an egg case with a large yolk supply that is reminiscent of avian embryos (Sauka-Spengler et al., 2003) , and the mouse embryo develops together with a large energy supply from the placenta. This is in contrast to the larval-feeding zebrafish and lamprey embryos that have a limited access to energy and must first establish a full axis in order to swim and find food to grow. Therefore, overall volumetric growth appears to be associated with the increase in energy that arises from an internal developmental mode. Posterior volumetric growth in dogfish, an anamniote basal to the teleost fish with access to a large energy supply, argues for a direct relationship between an increased maternal energy supply and posterior volumetric growth, rather than for a late emergence of posterior volumetric growth in amniotes. Although tissue deformations are likely to contribute in all cases, an internal mode of development may have allowed for increased contribution of volumetric growth behaviours in embryos such as mouse and dogfish.
Conserved signalling pathways control different cell behaviours according to elongation modes Despite these differences, there is an apparent conserved requirement for both FGF and Wnt signalling pathway components and downstream Cdx and Brachyury transcription factors for posterior body elongation across a range of vertebrates Esterberg and Fritz, 2009; Marlow et al., 2004; Row and Kimelman, 2009; Shimizu et al., 2005; Thorpe, 2005; Yang and Thorpe, 2011) . Brachyury is also expressed in the tailbud during elongation in dogfish and lamprey embryos (Sauka-Spengler et al., 2003) . Furthermore, Brachyury, Wnt3, Wnt5 and Wnt6 are present within the tailbud of amphioxus embryos (Schubert et al., 2001 ), considered to be the closest living relative of the chordate ancestor (Schubert et al., 2006) . A proliferative zone driving body elongation has been identified in several invertebrate embryos and it has been shown to be associated with Wnt signalling in spiders (McGregor et al., 2008) , Artemia (Copf et al., 2004) and Tribolium (Bolognesi et al., 2008; Copf et al., 2004; Schulz et al., 1998) . In these different model systems, these signalling pathways are required to direct cell fate decisions and/or to regulate cellular flow as cells exit the tailbud and/or to maintain a posterior growth/ proliferative zone. Thus, it is likely that observed conserved molecular mechanisms control different cellular behaviours according to different modes of elongation. In the case of FGF signalling, this pathway has switched from a role in posterior growth/proliferative zone maintenance in amniotes to a role in controlling the cell movements in zebrafish.
MATERIALS AND METHODS

Fish strains and vertebrate embryos
Wild-type AB and zFUCCI green (Tg(EF1α:mAG-zGem(1/100))r w0410h (Sugiyama et al., 2009 ) embryos were obtained from zebrafish (Danio rerio) lines maintained following standard procedures (Westerfield, 2000) . Embryos were raised at 28°C and staged according to number of somites. mT/mG double-fluorescent Cre reporter mice were utilised (Muzumdar et al., 2007) . Dogfish (Scyliorhinus canicula) eggs and lamprey (Lampetra fluviatilis) embryos were produced by the Roscoff Marine Station (France). Dogfish and lamprey embryos were staged according to Ballard et al. (1993) and Tahara (1988) , respectively. Preparation and fixation of zebrafish, mouse, dogfish and lamprey samples Zebrafish wild-type embryos were injected at the one-cell stage with 500 pg of H2B:mCherry and eGFP:CAAX box mRNAs (Hirsinger et al., 2015) and fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature. Dogfish embryos were collected from freshly killed S. canicula females and kept in oxygenated sea water at 15°C until dissection and fixation. Lamprey (L. fluviatilis) embryos were obtained by in vitro fertilisation and incubated at 18°C in oxygenated tap water. Dogfish, lamprey and mouse embryos were fixed overnight in 4% PFA at 4°C and stored at −20°C in 100% methanol, until re-hydration and staining with 1 μg/ml DAPI and 200 nM phalloidin in PBS-0.01% Tween overnight at 4°C.
Imaging of fixed samples
Fixed zebrafish embryos were embedded in 1% low melting point agarose and imaged either on a Zeiss Lightsheet Z.1 microscope or on a Leica SP5 confocal microscope. Lamprey embryos were embedded in 1% low melting point agarose and imaged using a Leica SP5 confocal microscope. Mouse and dogfish embryos were mounted in small chambers containing RapiClear solution (SunJin Lab) and imaged on a Zeiss LSM 7 MP multiphoton microscope. Images were tiled and automatically stitched together using the manufacturer's software.
Zebrafish embryo injections and drug treatment
One-cell stage embryos were injected with 500 pg of the following mRNAs: cytoplasmic KikGR (Hatta et al., 2006) , nuclear-targeted nls-KikGR (kind gift of Ian Scott, Department of Molecular Genetics, University of Toronto), nuclear-targeted H2B:mCherry with/without membrane-localised eGFP: CAAX box (Hirsinger et al., 2015) . mRNA-injected embryos were incubated in either 500 μM DMSO, 200 μM SU5402, 500 μM SU5402 (Sigma, SML0443-5MG) or 20 μM PD173074 (Sigma, P2499) from the ten-to the 32-somite stage. 90% epiboly or 12-somite stage Live imaging and mapping of the prospective posterior body Embryos were embedded in a small drop of 1% low melting point agarose within the central glass ring of a glass-bottomed Petri dish (Mattek; 35 mm Petri dish, 10 mm microwell. No. 1.5 cover glass). The agarose surrounding the tailbud was then removed using a pulled glass capillary and imaged on an inverted Leica SP5 confocal microscope with a 20× air objective. Ten to 20 nuclei were photoconverted from green to red by exposing the cells to ten 200 Hz scans of a 405 laser at 60× zoom. Nuclei were tracked in 4D using the image analysis tool Imaris (Andor Technology). Tracks were filtered to include tracks from 90% epiboly through to the 12-somite stage and manually corrected. Surface renderings were automatically segmented on the green channel using the 'surface' tool in Imaris, and reference points were added at 50-μm intervals along the embryonic midline from the dorsal blastopore. Two lines were measured from these reference points to tracks located at a boundary either between the posterior body-fated cells and the non-axial epidermis, or between posterior body-fated cells and anterior trunk-fated cells. Three-and six-somite-stage embryos imaged by lightsheet microscopy were used to map the full complement of boundary points with the use of midline reference points as described. Surface reconstructions were created by manually drawing contours at 10-μm intervals.
Volume segmentation and morphometric analysis
To segment posterior body volume we utilised the 'Manually create surface' function of Imaris. Contours were manually drawn at 10-μm intervals in the z-plane, bordering the last-formed anterior trunk somite boundary of each species (somite 12 for zebrafish, 33 for mouse, 40 for lamprey and 20 for dogfish; Richardson et al., 1998) . For unsegmented regions, we took everything posterior to the notochord. For the anterior body segments, we used the somite boundary of the first two posterior body somites. Measurement points were placed at every other somite boundary along the axis, and the values summed to give the length of the posterior body at any given stage. Height and width measurements were made at each length measurement point and plotted as described in the main text.
For the photolabelling experiments, embryos were imaged as for the celltracking experiments. Surface renderings were automatically created based on the red channel at consecutive stages through the movies. Volume, height and width measurements were made as described above.
Cell counts and calculation of index of dispersion
All nuclei within each image stack were segmented using the Imaris 'Spots' function. Manually checking the segmentation revealed that a diameter of 4 μm enabled the optimum segmentation of all nuclei in the image. Individual nuclei of clones labelled by photoconverting nls-KikGR were segmented as described above for cell counts. For each nucleus, the distance to all other nuclei along x-, y-and z-axes was calculated and ordered. The mean distance of the six closest neighbours was calculated for each nucleus within the cluster and the mean change calculated as the index of dispersion for each labelled clone.
Quantification of the proliferation levels in zFUCCI green embryos zFUCCI green embryos were injected with nuclear mCherry mRNA at the one-cell stage and imaged as described above. At the formation of each additional somite between the 12-and 20-somite stages, both the whole posterior body and tailbud (determined as the undifferentiated region of the body posterior to the notochord) were segmented in 3D as described above. For tissue-specific counts, we first generated tissue-specific surface renderings from manually drawn contours at 10-μm intervals through the z-stack. These were then taken as 'cells' in the Imaris 'Cell' to count both total nuclei (using the H2B:mCherry signal) and nuclei in S/M/G2 (using the zFUCCI green signal) within each tissue region. Nuclei were automatically detected using the Imaris 'Spots' function and manually inspected for accuracy.
Hybridisation chain reaction for assessing sprouty4 expression
Five antisense DNA probes were designed against the full length zebrafish sprouty4 mRNA sequence (accession number NM_131826.1) as described by Choi et al. (2014) . Embryos incubated in either DMSO or with 200 μM SU5402 from the ten-somite to the 32-somite stage were fixed overnight in 4% PFA at 4°C and then stained according to Choi et al. (2014) . Imaging was performed on a Zeiss 700 confocal microscope with identical imaging parameters: z-step 0.5683 μm; 1024×1024 resolution; 63× oil objective; 35% laser power at 488 nm; gain 661; digital offset −2; pixel dwell time 3.12 μm.
